Abstract The ca. 30 Ma Steinberg basanite occurs at the NE termination of the Eger (Ohře) Rift in the NW Bohemian Massif, Central Europe, and belongs to the Cenozoic alkaline Central European Volcanic Province. The basanite hosts a suite of mantle xenoliths, most of which are harzburgites containing relatively magnesian olivine (Fo 90.5-91.6) and Alpoor (0.04-0.13 a pfu) orthopyroxene (mg# 0.90-0.92). Some of these harzburgites also contain volumetrically minor clinopyroxene (mg# 0.92-0.95, Al 0.03-0.13 a pfu) and have U-shaped LREE-enriched REE patterns. The Steinberg harzburgites are typical for the Lower Silesian -Upper Lusatian domain of the European subcontinental lithospheric mantle. They represent residual mantle that has undergone extensive partial melting and was subsequently affected by mantle metasomatism by mixed carbonatite-silicate melts. The Steinberg xenolith suite comprises also dunitic xenoliths affected by metasomatism by melt similar to the host basanite, which lowered the Fo content in olivine to 87.6 %. This metasomatism happened shortly before xenolith entrainment in the erupting lava. One of the xenoliths is a wehrlite (olivine Fo 73 %, clinopyroxene mg# 0.83-0.85, subordinate orthopyroxene mg# 0.76-0.77). Its clinopyroxene REE pattern is flat and slightly LREE-depleted. This wehrlite is considered to be a tholeiitic cumulate. One of the studied harzburgites contains clinopyroxene with similar trace element contents to those in wehrlite. This type of clinopyroxene records percolation of tholeiitic melt through harzburgite. The tholeiitic melt might be similar to Cenozoic continental tholeiites occurring in the Central European Volcanic Province (e.g., Vogelsberg, Germany).
Introduction
Mantle xenoliths, brought to the surface by volcanic eruptions, are common in the alkaline lavas of the Cenozoic Central European Volcanic Province (CEVP). Their Bsampling^by the erupting lavas is accidental, and their position in the vertical profile of the subcontinental lithospheric mantle (SCLM) is usually difficult to ascertain. However, the xenoliths are found in numerous places, and therefore studies of these mantle rocks from individual sites provide information about the underlying mantle Comparision of the data on the regional scale enables us to define the lateral lithological variation of the lithospheric mantle.
Recent studies have shown that the subcontinental lithospheric mantle is heterogeneous (e.g., Hofmann 2007; Pearson et al. 2003 and references therein). The lateral inhomogeneity of the lithospheric mantle beneath Europe has already been documented by Downes (2001) , and different lithological Bdomains^were identified in Massif Central (Lenoir et al. 2000) . This inhomogeneity is caused by variable degrees of melt extraction as well as different styles and extent of metasomatism and is reflected in the isotopic composition (e.g., Downes 2001; Witt-Eickschen et al. 1998; Ackerman et al. 2007 ). The first modern study of upper mantle xenoliths from Editorial handling: L. Fedele Lower Silesia (northern margin of Bohemian Massif) pointed out the depleted nature of the lithospheric mantle in this area and showed regional variations in the metasomatic history of the SCLM (Blusztajn and Shimizu 1994) . In the eastern part (Lutynia locality) the mantle was metasomatized by carbonatite, while in the western part (Wilcza Góra, Pilchowice, Księginki) metasomatism through alkaline silicate melt was suggested (Puziewicz et al. 2015 and references therein) . Recent studies of Matusiak-Małek et al. (2014) and Puziewicz et al. (2015) have shown that the SCLM beneath Lower Silesia and Upper Lusatia is mostly harzburgitic, strongly depleted in aluminium, and probably constitutes a distinct refractory Bdomain^in the European SCLM. Recent studies of the SCLM beneath the Eger Rift (western part of the Bohemian Massif) also confirm its heterogeneity. Ackerman et al. (2013 Ackerman et al. ( , 2015 showed that the degrees of melting and subsequent metasomatism differ between the SW extension of Eger Rift in NE Bavaria (Ackerman et al. 2013) and České Středohoři Volcanic Complex in the central part of the Rift. The Plešný site in the NE part of the rift (Ackerman et al. 2015 ) is located in the Lower Silesia -Upper Lusatia SCLM domain and fits well its depleted nature .
In this paper we describe xenoliths found in the Steinberg Quarry near Görlitz at the Polish-German border. We show that most of these xenoliths fit well with the Brefractory^na-ture of the Lower Silesia -Upper Lusatia domain. However, some xenoliths record percolation of tholeiitic melt which could have originated by melting of depleted lithologies in the SCLM.
Geological setting and host rock characteristics
The xenoliths described in this study come from the abandoned quarry Stadtwaldbruch at Steinberg near Ostritz (Fig. 1) . The outcrop is situated within the Lausitz (Lusatia) Volcanic Field in the CEVP (Büchner et al. 2015) . The Lausitz Volcanic Field is located on various geological units (Kozdrój et al. 2001; Büchner et al. 2015) . Its northernmost and northeastern parts overlap Paleozoic anchimetamorphic sediments of the Kaczawa and Görlitz Synclinoriums and more to the south Cadomian granitoids and greywackes. The latter two basement units form the Lausitz Massif, within which Steinberg is situated. The quarry exposes a lava flow and a few remnants of a small volcano (scoria cone?). The eruption centre was probably situated on the north-eastern edge of the quarry. The basanitic lavas probably ponded within the crater and formed a lava lake, which fed lava flows (Büchner et al. 2015) . The lava reaches a thickness of up to 20 m. At the contact between lava and the underlying granodiorite, blocky peperitic structures were formed (Tietz et al. 2013) .
The basanite locally contains numerous, small (up to 8 cm in diameter) peridotitic xenoliths. The lava is an olivineaugite basanite which has yielded a K-Ar age of 30.3±2 Ma (Pushkarev 2000) . It has microlitic structure with olivine and augite phenocysts and plagioclase-and clinopyroxene-laths as microliths, embedded in the nepheline+opaques groundmass. Chemical analyses (Büchner et al. 2015) reveal contamination of the lava by xenoliths, indicated in decreasing MgO, Cr and Ni contents from proximal (13.1 wt.% MgO) to distal (10.2 wt.% MgO) parts of the lava flow. The xenolith-rich lava contains 42.2 -42.3 wt. % SiO 2 , 3.1 wt. % Na 2 O and 1.1 wt. % K 2 O and has the composition of basanite in the Total Alkali Silica diagram. The Steinberg basanite is enriched in trace elements relative to primitive mantle (McDonough and Sun 1995) , and its Rare Earth Elements (REE) pattern shows a constant increase from Lu to Nb (La N /Lu N =26.6; Appendix Table 1 ).
Analytical methods
In this study we have analyzed 11 samples, using 150 μm thick sections. Modal composition of the samples was calculated by point counting on high-resolution images of sections using the JMicroVision software. This software was also used on Back Scattered Electrons (BSE) images to determine volume proportions of phases in symplectites.
Electron microprobe analyses were conducted at the Department of Lithospheric Research at the University of Vienna with a Cameca SX100 electron microprobe. Acceleration voltage was 15 kV, sample current 25 nA, counting times on peak positions were 20 s. In order to improve the accuracy and detection limits for Ca and Ni in olivine, the counting time on the peak position was set to 40 s for these elements. The PAP matrix correction method was applied.
Concentrations of trace elements in clino-and orthopyroxene were determined in situ by laser ablation inductively coupled mass spectrometry (LA ICP-MS) using a Resonetics RESOlution M50 excimer laser (ArF) coupled with a Thermoelectron XSeries2 ICP-MS system at the Institute of Geological Sciences of the Polish Academy of Sciences, Kraków Research Centre. Energy density of 8-10 J cm −2 at a repetition rate of 5-10 Hz was applied for a circular ablation spot of 45-80 μm diameter. Gas blank was analyzed for 20 s prior to each 45 s ablation, which was followed by 30 s washout. Sample runs were bracketed by measurements of NIST612, NIST610 glasses (reference values of Jochum et al. 2011 were adopted); MPI DING (MPI3, ML3-B, GOR128-G, GOR132-G) glasses were measured as secondary standards. Ca content analysed by electron microprobe was used as an internal standard. Data processing was performed using Glitter 4.0 software (van Achterberg et al. 2001) . The accuracy of the results is typically below 12 % for most of the elements, for Nb and Ta it is ±20-31 %, for Y it is ±7-19 % and for Pr ±9-22 %. The analyses of orthopyroxene I are contaminated by the fine clinopyroxene II intergrowths, whose size was too small to allow the Bcleaning^of the analyses during data reduction (for method description see Matusiak Małek et al. 2014) . The whole rock composition of host rock from Steinberg was analyzed for 2 samples, coming from the xenolith-rich part of lava, in ACME analytical laboratory (Vancouver, Canada) by ICP-MS (LF200, AQ200 procedures).
The Morimoto (1989) classification of pyroxenes is used. Spinel compositions were recalculated on the basis of three cations, with Fe 3+ and Fe 2+ calculated by charge balance (Deer et al. 1993) . The cr-number or cr# denotes the atomic ratio of Cr/(Cr+Al), and mg-number or mg# stands for atomic Mg/(Mg+Fe 2+ + Fe ). Forsterite (Fo) content in olivine is calculated as 100*Mg/(Mg+Fe+Mn) per formula unit (a pfu). The trace elements were normalized to primitive mantle (PM) using the values of McDonough and Sun (1995) . The titanium and europium anomalies were calculated using formulas: Ti/Ti* = Ti N /((Eu N + Gd N )/2) and Eu/Eu* = Eu N / ((Sm N +Gd N )/2), respectively. Mineral abbreviations are: Ol (olivine), Opx (orthopyroxene), Cpx (clinopyroxene) and Spl (spinel), Fsp (alkali feldspar), Pl (plagioclase), Sul (sulfide).
Petrography of xenoliths
Steinberg xenoliths are typically oval, from 3.0 to 6.5 cm in diameter, some are fissured. Contacts with the host basanite are sharp. Almost all the xenoliths have the composition of harzburgite (Fig. 2) and are formed of three kinds of minerals:
(1) primary major rock-forming ones (Ol I, Opx I, Cpx I, Spl I; Fig. 3a , b), (2) lamellae and intergrowths in (1): Cpx II, Spl II (Fig. 3c) , and (3) intergranular, fine-grained aggregates formed of Ol III, Opx III, Cpx III and Spl III, Fsp (Fig. 3d, e) , and phases post-dating the primary phases: vermicular clinopyroxene III rims (typically 2-5 μm wide, Fig. 3f, g ) enveloping clino-and orthopyroxene I, interstitial clinopyroxene III (Fig. 3h, i) . In some of the xenoliths, spinel I is absent or it is present in small amounts (Appendix Table 2 ). The harzburgites are mostly protogranular (sensu Mercier and Nicolas 1975) and show neither foliation nor lineation. Primary minerals are anhedral, usually 1.5-4 mm in diameters, extremely up to 6-7 mm (Fig. 3a) . Interstitial aggregates are typically rounded with diameter up to 1 mm and consist of an-to subhedral grains up to 130 μm in size (Fig. 3d) . Xenoliths 3323 and 3334 are characterized by presence of 50 μm thick aggregates of olivine III, clinopyroxene III, spinel III, feldspar and glass occurring along grain margins. Olivine I forms fractured grains (3-4 mm, max 7 mm), which in xenoliths 3324 and 3337-2 show kink banding. Orthopyroxene I occurs as large grains (up to 6 mm) typically containing spinel II or clinopyroxene II lamellae in core parts. Clinopyroxene I occurs as separate, locally randomly perforated, angular to rounded <1.5 mm grains of uneven margins and as part of spinel I -clinopyroxene I clusters (Appendix Table 2 , Fig. 3b ) which reach maximum size of ca. 5 mm. Most of clinopyroxene I grains contain single μm lamellae of spinel II. Spinel I forms irregular grains, exceeding 1 mm in length, and as part of spinel I -clinopyroxene I clusters.
Harzburgite 3326 contains a ca. 2.5 mm cluster of spinel I, and clinopyroxene I, which also contains clinopyroxene III, olivine III and orthopyroxene III (Fig. 4) . Clinopyroxene I is rimmed by spongy clinopyroxene III, which occurs also along spinel grains. Amoeboid remnants of orthopyroxene III and olivine III, up to 200 μm, occur in clinopyroxene I and III (Fig. 4) .
Intergranular aggregates of olivine III, orthopyroxene III, clinopyroxene III, glass, alkali feldspar and/or plagioclase occur in some xenoliths (Appendix Table 2 ). Olivine III forms rounded, elongated or irregular 50-80 μm (max. 125 μm) grains, locally with ragged edges. Clinopyroxene III forms small (max. 80 μm in length), irregular grains, sometimes spongy, and thin (few μm) rims on orthopyroxene III. Spinel III grains (<40 μm) are sparse and form skeletal, subhedral crystals (Fig. 3d) . Orthopyroxene III occurs only in xenolith 3334 as max. 100 μm grains surrounded by clinopyroxene rims a few μm thick. Glass or alkali feldspar occurs between olivine, clinopyroxene and spinel. The wehrlitic xenolith (3321) contains two types of symplectites: S1 -consisting of green spinel and clinopyroxene and S2-consisting of relics of green spinel, orthopyroxene, alkali feldspar and olivine (Fig. 3e) . Shape of green spinel in symplectite S2 mimics that of spinel in symplectite S1, and textural relationships show that symplectite S2 is the product of replacement of symplectite S1 by the intergranular aggregates. The two types of symplectites show sharp contact. This xenolith is exceptional because of commonly occurring sulfides. Sulfide grains occur either interstitially or are poikilitically enclosed in primary silicates. Large grains (200-500 μm) have irregular shapes and are typically interstitial, while smaller (up to 200 μm) oval grains are enclosed or occur in aggregates. Sulfides also occur in intergranular aggregates (Fig. 3e) .
Harzburgite 3326 and dunite 3327 contain interstitial, oval to angular crystals of clinopyroxene III reaching from 30 to 70 μm, which are locally perforated and texturally inhomogeneous (Fig. 3h) . Between the crystals of clinopyroxene III, oval grains of olivine III (60-160 μm long), scarce spinel III and amoeboid remnants of orthopyroxene I (?) occur (Figs. 3i and 4). In xenolith 3326 clinopyroxene I is surrounded by perforated clinopyroxene III. Vermicular rims of clinopyroxene III enveloping orthopyroxene I in those xenoliths are extremely well developed and reach 50-100 μm (Fig. 3f, g ). The rims are spongy and locally enclose olivine III and glass. Contact between the spongy and interstitial clinopyroxene III is transitional and often underlined by small, amoeboid crystals of orthopyroxene I (Fig. 3i) .
Mineral chemical composition
The content of forsterite in olivine I in most xenoliths is 90.5-91.6 % (Fig. 5a ). This corresponds to the BA^harzburgites defined by Matusiak-Małek et al. (2014) Table 3 , Fig. 5a ). Ca content in olivine I varies from that of microprobe detection limit (200 ppm) to ca. 800 ppm (Fig. 5b) . Orthopyroxene I has the composition of enstatite or Cr-, Al-enstatite, its mg# varies from 0.90 to 0.92, and Al content ranges from 0.04 to 0.13 a pfu (Fig. 6a , Appendix Table 4 ). Clinopyroxene I is diopside (Fig. 7a ) of mg# 0.92-0.95, Al 0.03-0.13 a pfu ( Fig. 7b) and Ca 0.82 to 0.97 a pfu (Fig. 7c , Appendix Table 4 ). Mg# and Al and Cr contents are negatively correlated in both ortho-and clinopyroxene (Figs. 6b and 7d) . Na is negatively correlated with Ca in clinopyroxene (Fig. 7c) . Mg-number in spinel I varies between 0.62 and 0.67, while chromium number ranges from 0.41 to 0.51 (Fig. 8 , Appendix Table 5 ). Spinel I grain in harzburgite 3334 located near the fine-grained aggregate is characterized by lower mg# (0.57-0.59) and higher cr# (0.50-0.54). Xenolith 3326 is characterized by spinel I with mg# 0.62-0.67 and cr# 0.47-0.51 (Fig. 8) .
The primitive-mantle normalized Rare Earths Elements patterns of orthopyroxene I from harzburgites 3323, 3324, 3331 and 3337-2 are U-shaped ( shallower and at higher REE contents (La=0.7-0.8 x PM, Tb=0.04 x PM, Lu=0.1-0.2 x PM). The multi-trace element patterns of orthopyroxene of all group A harzburgites exhibit strong Th-U and Ti positive and negative Nb-Ta anomalies (Fig. 9c) . The trace element contents are highly variable even in the scale of one thin section (Fig. 9d) . Orthopyroxene I in harzburgite 3326 shows constant depletion from Heavy REE (HREE) to Light REE (LREE; Fig. 9e ) and no positive Th-U and Ti anomalies (Fig. 9f) .
Tw o t y p e s o f p r i m i t i v e -m a n t l e n o r m a l i z e d clinopyroxene I REE patterns occur in group A xenoliths. The first one (harzburgites 3323, 3324, 3331, 3337-2) is U-shaped (La N /Lu N = 1.1-35.3, La N /Sm N = 16.9-103.9; Fig. 10a , Appendix Table 6 ). LREE contents vary from below primitive mantle (xenoliths 3323, 3324) to above primitive mantle (xenoliths 3331, 3337-2; Fig. 10a ) and are negatively correlated with mg# of host clinopyroxene. This group is characterized by a zig-zag like pattern of spider diagram from Hf to Rb with elevated Th-U (Fig. 10b) . A distinct Zr-Hf negative anomaly is present i n 3 3 2 3 , 3 3 2 4 a n d 3 3 3 7 -2 c l i n o p y r o x e n e . I n clinopyroxene from harzburgite 3331 Nb, Hf and Ti negative anomalies occur (Fig. 10b) . The second type of REE pattern (harzburgite 3326; Fig. 10c ) is nearly flat at HREE and MREE (Gd N /Lu N =1.2-1.7), while LREE content is variable. In grains which do not form clusters with spinel, LREE are depleted (La N /Lu N = 0.38, 0.43); LREE in cluster-forming clinopyroxene are higher and exceed primitive mantle values (La N /Lu N =12.4, 0.7, Fig. 10c ). That is also reflected in trace element contents (Fig. 10d , Appendix Table 6 ). Rb, Ba, Th and U contents are lower, below primitive mantle in clinopyroxene which do not form clusters with spinel, and respectively higher (at the level of primitive mantle) in clinopyroxene forming the clusters.
Lamellae of clinopyroxene II in orthopyroxene I are characterized by mg# = 0.91-0.92 and Al 0.11-0.20 a pfu (Appendix Table 4 Małek et al. (2014) , that of olivine from Plešný after Ackerman et al. (2015) lamellae in clinopyroxene I have cr#=0.33-0.41 and mg#= 0.69-0.74 (Appendix Table 5 Table 4 ). The grains of clinopyroxene I were too small to allow reliable LA ICPMS analyses of trace elements. Interstitial, perforated clinopyroxene III (mg# 0.85-0.91, Al 0.05-0.22 a pfu, Ca 0.68-0.86 a pfu, Appendix Table 4) contains embedded oval olivine III grains (83.5-88.2 % Fo and 0.24-0.36 wt. % of NiO and Ca >1000 ppm). Spinel III in interstitial clinopyroxene III is characterized by mg#=0.58 and cr#=0.48. Interstitial, perforated clinopyroxene REE patterns are characterized by slight enrichment in LREE (Fig. 10c) , clear Zr-Hf negative anomalies and concentrations of Rb, Ba, Th, U below primitive mantle ( Table 4 ). Symplectite S1 is composed of aluminous spinel (no Cr, mg# 0.60-0.61, Appendix Table 5 ) and clinopyroxene which has mg# 0.83-0.85 and contains 0.18-0.22 a pfu of Al and 0.89-0.90 a pfu of Ca (Appendix Table 4 ). Symplectites S2 consist of olivine of 75.0-76.1 % Fo and 0.02-0.05 wt % of NiO (Appendix Table 3 ), orthopyroxene (mg#=0.77, Al=0.15-0.16 a pfu, Appendix Table 4 ), spinel (mg# 0.66-0.67, no Cr, Appendix Table 5 ) and alkali feldspar (Or 31-42 Ab 56-65 An 2-5 ). Sulfide grains in xenolith 3321 are heterogeneous with many exsolution features. They have composition of pyrrhotite with pentlandite flame-like lamellae. Some of sulfide grains have monosulfide solid solutions (MSS) composition with rim enriched in copper (Appendix Table 7 ).
The REE pattern of orthopyroxene I is characterized by a decrease of PM-normalized concentrations from Lu to La (Fig. 9g ; La N /Lu N =0.02, La N /Sm N =0.4, Appendix Table 6 ). The trace element pattern shows depletion relative to primitive mantle and positive Hf, Zr, Ti anomalies (Fig. 9h) . The REE pattern of clinopyroxene I is slightly LREE-depleted ( Fig. 10e ; La N /Lu N =0.3-0.5, Appendix Table 6 ). Multiple analyses show almost constant contents of Eu (0.5-0.7 ppm) and La (0.4-0.5 ppm, Fig. 10f ), but part of the REE patterns show slight positive Eu anomaly (Eu/Eu*=1.1-2.1; Fig. 10e ). This results from decreasing contents of another elements (Fig. 10e) . The flat LREE-depleted patterns without Eu anomaly occur in large grains which are not in direct contacts with S1 symplectite. The slight Eu anomaly occurs in grains in contact with S1 symplectite, whereas the most pronounced one appears in clinopyroxene forming that symplectite. The positive Eu anomaly is connected with a positive Sr anomaly, whereas the grains with no/weak positive anomaly exhibit no or negative Sr anomaly in their trace element patterns (Fig. 10f) .
Phases forming the fine-grained aggregates and clinopyroxene III rims on orthopyroxene and its origin
Olivine III occurs in all studied intergranular aggregates (Appendix Table 2 ). Its forsterite content is similar to that of olivine I (Fig. 5a ), but it contains significantly more Ca (960-2600 ppm), while NiO content is slightly decreased (Fig. 5 , Appendix Table 3 ). Composition of some parts of clinopyroxene III overlaps partly with that of clinopyroxene I. However, the trend defined by clinopyroxene III in the mg# vs. Al diagram (Fig. 7b , Appendix Table 4 ) is different than that of clinopyroxene I, and the content of Cr is usually higher (Fig. 7d ). Orthopyroxene III is extremely scarce (xenolith 3334 only) and forms cores of clinopyroxene III. Its chemical composition is identical to that of orthopyroxene I and we suggest it represents fragments of orthopyroxene I not fully reacted with an alkaline melt (Shaw 1999) . Spinel III has partly highly chromian compositions. In some fine-grained aggregates, the chemical composition of spinel III is similar to that of spinel I (Fig. 8 , Appendix Table 5 ). Alkali feldspar, occurring commonly in the aggregates, has strongly variable composition (Appendix Table 2 ). Glass has a composition similar to trachybasalt. Clinopyroxene III forming rims on orthopyroxene I has a variable composition (Appendix Table 4 ). Clinopyroxene III rims associated with fine-grained aggregates are characterized by mg# between 0.92 and 0.94, Al content between 0.02 and 0.12 a pfu (Fig. 7b) , and Ca from 0.67 to 0.94 a pfu (Fig. 7c) . Interstitial clinopyroxene III rims have mg# between 0.91 and 0.93, Al content is 0.04-0.05 a pfu (in extreme cases up to 0.20; Fig. 7b ) and Ca=0.75-0.92 a pfu (Fig. 7c) .
A fine-grained aggregate in xenolith 3321 consists of olivine III (75.5 % Fo, NiO=0.07 wt. %, Appendix Table 3) The origin of intergranular, fine-grained aggregates may be related to: (1) melting of hydrous phases (Shaw 2009 ); (2) infiltration of metasomatic melts at mantle depths (O'Connor et al. 1996; Shaw and Klügel 2002) or (3) infiltration of host magma during xenolith uplift (Shaw and Dingwell 2008) . In Steinberg xenoliths, similarly to xenoliths from other nearby outcrops of volcanic rocks (Plešný, Ackerman et al. 2015; Księginki, Puziewicz et al. 2011 , Fig. 1 ), no hydrous phases were found. Moreover, no phases formed during amphibole breakdown (e.g., rhönite) occur in the xenoliths, therefore we consider the formation of aggregates by amphibole breakdown/melting as unlikely. Presence of subhedral, anorthite-rich plagioclase in some aggregates in xenolith 3321 points to its formation by host basanite infiltration, but no direct connection between any of the aggregate and host rock was found.
Composition of olivine III, clinopyroxene III and spinel III from the glass-bearing aggregates overlaps partly with composition of coexisting olivine I, clinopyroxene I and spinel I, respectively. This suggests that the aggregates are formed of primary phases which partly reacted with a percolating/ infiltrating medium. This reaction caused elevation of Ca and impoverishment in NiO contents in olivine, as well as Al, Na and Ca enrichment in clinopyroxene III (Figs. 5 and 7). The Al and Na enrichment can be explained by reaction with a Si-undersaturated melt, but this reaction would cause only minor increase in Ca content (Tursack and Liang 2012) . Significant increase in Ca content in Steinberg xenoliths may however point to reaction under high pressure conditions . Orthopyroxene is dissolved during reaction with alkaline silicate melt and secondary clinopyroxene is formed (Shaw 1999) as vermicular rims of clinopyroxene III on orthopyroxene I. Therefore, we suggest that the fine-grained aggregates result from reaction between peridotite and alkaline silicate melt at high pressures. Presence of primary peridotite phases in the aggregates as well as their fine-grained textures show that the process was interrupted and frozen by entrainment of fragments of infiltrated rock into the erupting basanite host.
Temperatures of equilibration
The commonly used orthopyroxene-clinopyroxene solvus geothermometer of , when applied to coexisting grains of ortho-and clinopyroxene I in group A harzburgites, yields results which vary for over 110°C in the scale of a thin-section, demonstrating that the phases are not in equilibrium in terms of major elements. The same result was found for the Al-in orthopyroxene thermometer of WittEickschen and Seck (1991) , applicable in samples containing spinel of appropriate composition. In our opinion this shows that spinel, which defines saturation of Al in the system, was not equilibrated with orthopyroxene.
Another thermometer that was used to estimate temperatures was based on REE contents in ortho-and clinopyroxene (Liang et al. 2013) . Temperature varies from 836±12°C (harzburgite 3331), 866±12°C (harzburgite 3324), 911± 28°C (harzburgite 3337-2), up to 979±19°C (harzburgite 3323). In harzburgite 3326 result was 965°C with very high error (up to 104°C) and thus not correct (Liang et al. 2013 ).
Discussion Evolution of group A harzburgites
The group A harzburgites 3320b, 3320c and 3334 from Steinberg do not contain clinopyroxene. In these xenoliths orthopyroxene is Al-poor (0.04-0.09 a pfu). Its composition corresponds to the ca. 20-31.5 % degree of melting of primitive mantle, as calculated by Upton et al. (2011, see Fig. 11a ). Such characteristics corresponds to the A0 harzburgites from Krzeniów basanite (Matusiak Małek et al. 2014) , which have been interpreted as residues after extreme depletion.
Clinopyroxene-bearing harzburgites 3323, 3324, 3331, 3333, 3337-2 are characterized by orthopyroxene containing 0.05-0.12 atoms of Al pfu and 0.01-0.06 atoms of Ca pfu. Clinopyroxene I is Al-poor (0.03-0.13 a pfu), and reaches extremely high mg# (up to 0.96). The chemical composition of this clinopyroxene plots away from the melting trend in the MgO-Al 2 O 3 diagram of Upton et al. (2011, see Fig. 11b ), suggesting that the clinopyroxene was added to the rock after the melting event which depleted orthopyroxene in Al. Indeed, the Fe-Mg partitioning between the two phases is not the equilibrium one as is shown by our thermometric calculations. Therefore, we propose that the clinopyroxene in these harzburgites is a Bstealth^/modal metasomatic phase (O'Reilly and Griffin 2013) which was added to the rock shortly before its entrainment in the erupting host magma. Thus, the degree of partial melting cannot be estimated on the basis of trace element composition of clinopyroxene, although its Yb N /La N ratio follows the fractional melting trend in spinel stability field defined by Norman (1998) . The extremely low HREE contents in most of clinopyroxene I would require extremer (impossible to model) melting in the garnet stability field (Hellebrand et al. 2002) and may reflect the formation of the clinopyroxene after the HREE-poor orthopyroxene (Peslier et al. 2002; Ionov et al. 2005) .
Clinopyroxene REE patterns of harzburgites 3323, 3324, 3331 and 3337-2 are U-shaped, enriched in LREE relative to MREE. Enrichment in LREE results from metasomatic input of the most incompatible elements (e.g., Frey and Green 1974; Norman 2001) . Group A clinopyroxene is in fact similar to the Krzeniów A1 clinopyroxene (cf. Fig. 10a and see Matusiak Małek et al. 2014 ), although it is more depleted relative to primitive mantle. The La N /Lu N ratios change gradually from 1.1 (harzburgite 3324) to 35.3 (harzburgite 3331) and are negatively correlated with mg-number in clinopyroxene (Fig. 10a) . We interpret this as a result of chromatographic metasomatism (Ionov et al. 2002 (Ionov et al. , 2006 , in which the LREE-rich metasomatic agent migrates away from the source (vein?) and reacts with the host peridotite to produce clinopyroxene. The latter becomes increasingly depleted in LREE away from the source and we assume that harzburgite 3331 could have been located nearest to the source, whereas harzburgite 3324 may have been the farthest. The chromatographic effect is visible also in increasing depths of Nb-Ta and Zr-Hf negative and Sr positive anomalies (Fig. 10b ). These anomalies, as well as the Th-U ones, are deep (Fig. 10b) , which, together with high mg# and low Al content, suggests that the most likely metasomatising agent was carbonatitic melt (Yaxley et al. 1991; Rudnick et al. 1993; Ionov et al. 1993 and Coltorti et al. 1999) . If this is the case, a strong negative Ti anomaly should occur in clinopyroxene, but the Ti/Ti* is only 0.6-2.3. We explain this by very low content of elements neighbouring Ti in the diagram, which results in the lack of Ti anomaly. The Bcarbonatitic^effects increase in the assumed direction away from the source of the metasomatising agent. By analogy to the Krzeniów (Matusiak Małek et al. 2014) and Spitsbergen (Ionov et al. 2002) chromatographic systems, we suggest that this agent might have been carbonatite-rich silicate melt (Fig. 10a, b) . In Krzeniów xenoliths the carbonatite component was unmixed in distal parts of chromatographic section after the miscibility limit was exceeded due to exhaustion of the silicate component. Similar mechanism of melts separation was described by Ionov et al. (2006) in xenoliths from Tok, Siberia. Since the major-and trace elements relationships in clinopyroxene are similar in Steinberg, we suggest that it originated here in a similar way. The deep Zr-Hf negative anomalies are rather rare and seem to be characteristic of the Lower Silesian -Upper Lusatian domain of European lithospheric mantle (Downes et al. 2015) The occurrence of BA^harzburgites in both Krzeniów (offrift location) and Steinberg (on-rift) shows that the lithospheric mantle beneath the Eger Rift contains peridotites relatively little affected by pre-eruptive alkaline silicate melt metasomatism. Thus, the lithospheric mantle beneath the Eger Rift is possibly a mosaic of lithologies affected to different degrees by Cenozoic pre-eruptive metasomatism. Locally the pre-eruptive metasomatic effects are very extensive and the record of earlier events in peridotites is obliterated, as was shown in Księginki (Puziewicz et al. 2011 ) located several kilometres of Steinberg.
Peridotite-melt reactions: origin of BB^dunite
The dunite 3327 was classified as belonging to group BB^, as its olivine I is enriched in Fe compared to group A. This imply either a cumulate origin (Rehfeldt et al. 2007 ) for this rock or formation by reaction between percolating silicate melt and peridotite (Kelemen et al. 1990 ). Dunite 3327 shows no cumulative texture and its olivine I is characterized by strongly heterogeneous forsterite content (86.5 to 90 % Fo). The lower values occur always in outer parts of grains, while core compositions of some crystals are rich in forsterite and resemble values characteristic for group A xenoliths (Fig. 5a) . Such a feature is widely explained a result of reaction with alkaline melt (e.g., Kelemen et al. 1990; Ionov et al. 2005; Tursack and Liang 2012 and references therein). Therefore we suggest that dunite 3327 has a reactive origin.
Vermicular, thick rims of clinopyroxene III enveloping orthopyroxene I (Fig. 3f) are characteristic for this xenolith and occur commonly in mantle xenoliths from SW Poland (e.g., Matusiak-Małek et al. 2010; 2014) . Shaw (1999) attributed their formation to dissolution of orthopyroxene I by Upton et al. (2011) reaction with silica-poor alkaline melt. In most Steinberg xenoliths the rims are rather narrow, but in dunite 3327 they reach up to 100 μm, suggesting longer reaction time and/or better supply of alkaline melt to the reaction site. Amoeboid, locally minute remnants of orthopyroxene I embedded in spongy clinopyroxene III show that complete dissolution of orthopyroxene I was possible. This is further evidence for the reactive origin of the dunite.
The dunite 3327 contains interstitial, sieved clinopyroxene enclosing oval grains of olivine III. Composition of oval olivine III is characterized by low Fo and high Ca contents and resembles that of marginal parts of olivine I in contact with interstitial clinopyroxene III. This suggests that the oval olivine III represents resorbed fragments of olivine I. Fragmentation of olivine I as well as formation of perforated clinopyroxene was probably due to infiltration of a melt. The infiltrating melt reacted with the host orthopyroxene producing secondary, perforated clinopyroxene. Remnants of the unreacted orthopyroxene are still present as the amoeboid crystals. The perforated clinopyroxene in dunite 3327 has higher mg# and is depleted in Ca relative to those of BA^harzburgites.
Interstitial, perforated clinopyroxene from 3327 shows a flattened, slightly LREE-enriched pattern with negative inflection at the most incompatible elements. Such a REE pattern is characteristic for clinopyroxene reacting with alkaline silicate melt. We have calculated a trace element composition of a melt in equilibrium with 3327 clinopyroxene (Fig. 12) , using partition coefficients of Hart and Dunn (1993) . The only significant differences between the calculated melt and host basanite are the higher contents of Nb, Ta and Ba in the theoretical melt. Since these elements are most affected by analytical uncertainties during LA-ICP-MS analyses and data reduction, the observed difference can be an artefact. We thus infer that the interstitial clinopyroxene in dunite 3327 results from reaction of a peridotite with alkaline-silicate melt of composition very close to the host basanite. The interstitial occurrence of clinopyroxene III suggests that the rock is texturally unequilibrated, which implies that melt percolation which caused the metasomatism occurred shortly before entrainment of this mantle piece within the erupting lava.
The BC^wehrlite 3321 and BA^harzburgite 3326 -frozen metasomatic melt and results of its action?
The wehrlite 3321 consists of minerals whose chemical composition (olivine Fo 72.7-73.7 , clinopyroxene mg# 0.83 -0.85, Al 0.18 -0.26 a pfu, orthopyroxene mg# 0.76 -0.77 and Al 0.15 -0.20 a pfu) suggests a non-mantle origin (e.g., Arai 1994; Griffin et al. 1999) . Such a composition classifies this xenolith into group 2 of Frey and Prinz (1978) and plot outside the Olivine-Spinel Mantle Array by Arai (1994) . Frey and Prinz (1978) suggested a cumulative origin for this group, but it is possible to form them also by melt-rock reaction (see discussion about xenolith 3327). This rock contains numerous grains of sulfides which is uncommon in mantle xenoliths from Bohemian Massif (Kochergina personal information, Bukała et al. 2015) . On the other hand, sulfides are common in basaltic cumulates. Moreover, the mg-numbers of the silicates are<0.85 and the composition of spinel is almost chromium-free. Therefore we suggest that wehrlite is a cumulative rock. Lack of visible cumulative texture is easily explained by recrystallization, which also produced the spinelclinopyroxene symplectites (Fig. 3e) .
Symplectites occur abundantly in mantle rocks and are interpreted as a product of decompression-triggered breakdown of a mineral phase, usually garnet (Shimizu et al. 2008 Hart and Dunn (1993) [ Ringuette et al. 1999; Müntener et al. 2001) . Textural relationships suggest that the olivineorthopyroxene-spinel-alkali feldspar symplectites S2 originated by replacement of the S1 by fine-grained aggregates. The REE patterns of clinopyroxene in wehrlite 3321 are either (1) LREE-depleted, flat at MREE, or (2) LREEdepleted with positive Eu anomaly. Those which are flat occur in clinopyroxene grains not related to S1 clinopyroxene-spinel symplectite, whereas those with Eu anomaly occur in clinopyroxene forming the S1 symplectite or in contact with it. Thus, we interpret the flat MREE patterns (1) to be the primary ones, and those with Eu anomaly (2) to be related to the symplectite formation. The type (1)^MREE flat^patterns of clinopyroxene from 3321 wehrlite could not have originated by crystal settling from the host LREE-enriched basanitic magma. This is shown by calculation of hypothetical trace element melt composition in equilibrium with 3321 clinopyroxene (partition coefficients of Hart and Dunn 1993) . The calculated melt is impoverished in trace elements relative to the host basanite from Ba to Sm (Fig. 12) . Thus, the 3321 wehrlite probably originated during an igneous event preceding the volcanic episode which brought it to the surface.
The only locality from Bohemian Massif where cumulative rocks containing LREE-depleted clinopyroxene have been described is Dobkovičky (Czech Republic, Ackerman et al. 2012) , where it has been interpreted as the result of percolation of MORB-like melts in the lithospheric mantle. Sample 3321 is similar in nature, and we speculate that it could have originated by crystal settling from the magma of continental tholeiite affinity. The hypothetical trace element melt composition in equilibrium with 3321 clinopyroxene is similar to that of olivine tholeiites from Vogelsberg in Germany (Central part of the CEVP) which is the closest occurrence of continental tholeiites ( Fig. 12 ; the pattern of Vogelsberg tholeiite is based on averaged analyses vb96-27, vb96-41, vb97-105, vb97-109, vb97-114, 2544, 2546, 2547 given by Bogaard and Wörner (2003) ; their Table 1 ). The Vogelsberg tholeiites originated by mixing of melts from the European Asthenospheric Reservoir and those coming from depleted, partly lithospheric sources (Bogaard and Wörner 2003) .
The type (2) clinopyroxene REE patterns show a positive Eu anomaly which is not due to enrichment of the mineral in europium, but due to depletion in other REEs. Their origin is related to formation of symplectitic clinopyroxene. Thus, the origin of this pattern is different from those with Eu-positive anomaly which occur seldom in clinopyroxene coexisting with plagioclase in mafic rocks subjected to metamorphic recrystallization (e. g., Seifert and Chadima 1989; Morishita et al. 2009 ).
Some of the REE and trace element patterns of clinopyroxene in harzburgite 3326 are similar to those from wehrlite 3321 (cf. Fig. 10 ). The major element composition of this harzburgite places it in the BA^group of peridotites, but it is characterised by occurrence of thick rims (up to 100 μm) of vermicular clinopyroxene III on the orthopyroxene I, similar to those described in dunite 3327. This shows that the rock was infiltrated by alkaline silicate melt. However, the clinopyroxene grains occurring individually are depleted in LREE, Rb, Ba, Th, U and Ta relative to those forming the clinopyroxene-spinel clusters (cf. Fig. 10c,d ). The LREEdepleted patterns are similar to those occurring in the clinopyroxene from wehrlitic cumulate (cf. Fig. 10 ), suggesting that the singular clinopyroxene grains possibly record the action of tholeiitic melt similar to that from which wehrlite 3321 precipitated, whereas those occurring in clusters record alkaline melt action (shown by clinopyroxene III rims on orthopyroxene). As similar rock, but of lherzolite composition, was described by Ackerman et al. (2015) from Medvědický vrch in České Středohoři. These authors attributed the origin of clinopyroxene with slightly LREE-depleted patterns, almost identical to those occurring in harzburgite 3326, to the action of LREE-depleted asthenospheric melts.
The clinopyroxene with LREE-depleted patterns, similar to those from the harzburgite 3326, occurs in some xenoliths from CEVP, and are interpreted to record partial melting which affected host peridotite, followed in some instances by metasomatic overprint (e.g., Massif Central - Zangana et al. 1997; Downes et al. 2003 , Olot in Spain -Bianchini et al. 2007 ). However, the major element composition of 3326 clinopyroxene departs significantly from the melting trend (Fig. 11b ) which in our opinion indicates its metasomatic origin. Therefore, we consider that clinopyroxene in harzburgite 3326 records the stage of metasomatism by tholeiitic melts, followed by pre-eruptive Bstandard^alkaline melt metasomatism. We speculate that the tholeiitic metasomatism was also related to the Cenozoic volcanism in the region.
Regional geological considerations
The Steinberg basanite is located within the NE extension of the Eger Rift. It is close to the Księginki nephelinite (25 km to the north-east; Puziewicz et al. 2011) , which is also located within the Rift. The neighbouring off-Rift locations are Plešný (30 km to the west; Ackerman et al. 2015) and Krzeniów (75 km to the east; Matusiak Małek et al. 2014) . The Krzeniów and Plešný xenolith suites are dominated by depleted spinel harzburgites, similar to those from Steinberg, all belonging to the Bgroup A^of Matusiak- Małek et al. (2014) . These harzburgites were affected by chromatographic alkaline silicate-carbonatite metasomatism (Ackerman et al. 2015; Matusiak Małek et al. 2014 ) and appear to be the dominant SCLM lithology in the region . The Księginki xenolith suite is affected mostly by extensive synvolcanic alkaline melt metasomatism (Puziewicz et al. 2011) . Mantle peridotites which record another metasomatic history are subordinate in all localities. This shows that the SCLM beneath the NE termination of the Eger Rift and its surroundings in the Lower Silesia -Upper Lusatia is dominated by spinel harzburgites relatively little affected by syn-volcanic carbonate-bearing alkaline melt percolation, and that the SCLM strongly affected by this percolation occurs only locally.
Conclusions
The xenolith suite from Steinberg in Upper Lusatia is dominated by aluminium-poor and highly magnesian harzburgites, which appear to be the dominant lithology of the Lower Silesian -Upper Lusatian domain of European lithospheric mantle. They correspond to the BA^type harzburgites defined by Matusiak-Małek et al. (2014) . The BA^harzburgites represent depleted mantle lithology which was only slightly affected by chromatographic carbonatite-silicate metasomatism, and which preserved much of its primary depletion-related features.
Two of the Steinberg xenoliths record percolation of tholeiitic basaltic melts. We speculate that these melts are genetically similar to the olivine tholeiites from Vogelsberg in central Germany, which are the result of Cenozoic mixing of melts from European Asthenospheric reservoir and those from depleted, partly lithospheric sources (Bogaard and Wörner 2003) . Cenozoic tholeiites do not occur to the east of Vogelsberg, but nevertheless melts of tholeiitic composition possibly have locally percolated in the lithospheric mantle. Their percolation through peridotite lead to the Btholeiitic^melt metasomatism or formation of igneous cumulate rocks with tholeiitic geochemical characteristics. Therefore, the mantle xenoliths containing LREE-depleted Btholeiitic^clinopyroxene, which occur scarcely in the lavas of CEVP, can originate by (1) tholeiitic melt metasomatism or (2) partial melting of peridotitic protoliths in the ocean ridge settings.
Acknowledgments We are grateful to Dmitri Ionov and Lukaš Ackerman for their thoughtful reviews, which inspired significant improvement of the paper. The authors are indebted to Hilary Downes for help in language editing. We thank our MSc student Michał Dajek who prepared the map presented in Fig. 1 Orthopyroxene: 1-3 mm grain with clinopyroxene II/spinel II lamellae; 2 -marginal part of 400 μm grain with clinopyroxene III rims; 3 -central part of 3.5 mm grain with clinopyroxene II/spinel II lamellae; 4 -central part of 1.2 mm grain with clinopyroxene II/spinel II lamellae; 5 -central part of the large grain; 6 -central part of 800 μm grain; 7 -marginal part of 1.2 mm grain with clinopyroxene III rims, located close to fine-grained aggregate; 8 -central part of clear grain; 9-2 mm grain with clinopyroxene lamellae; 10 -central part of 2 mm grain with clinopyroxene lamealle;11 -marginal part of 1 mm grain with clinopyroxene rims and lamealle;12 -central part of 750 μm perforated grain with clinopyroxene rims; 13 -large (2.5 mm), fissured grain; 14 -central part of 2 mm fissured grain; 15 -marginal part of 2 mm, elongated grain with clinopyroxene lamellae and rims; 16 -marginal part and 17 -central part of 800 μm grain; 18 -perforated, 2.3 mm grain with clinopyroxene dots; 19 -marginal part (without lamellae) of 500 μm grain; 20-100 μm part of fissured grain; 21 -irregular, ca. 80 μm grain; 22-elongated, ragged, ca. 60 μm grain in S2 symplectite
Appendix
Clinopyroxene: 23 -part of S1 symplectite; 24-1.5 mm, fissured grain with spinel inclusions; 25 -clear, marginal part of 400 μm grain with lathy lamellae of spinel; 26 -marginal, clear part of 800 μm grain with spinel lathy lamellae, in contact with basanite; 27 -marginal part of 1 mm grain with lathy lamellae of spinel; 28-300 μm grain, part of clinopyroxene-spinel symplectite; 29 -marginal part of 900 μm grain with lathy lamellae of spinel; 30 -marginal part of 600 μm grain; 31 -central part of 230 μm grain; 32-300 μm, perforated grain with lathy lamellae of spinel; 33 -central part of perforated, 800 μm grain with lathy lamellae of spinel; 34 -marginal part of 400 μm grain with lathy lamellae of spinel; 35 -central part of 600 μm grain with spinel inclusions; 36 -irregular 60 μm intergrowth in orthopyroxene I; 37-80 μm length lathy lamella in orthopyroxene I; 38-80 μm intergrowth in orthopyroxene I; 39-50 μm ragged grain in fine-grained aggregate; 40 -ca. 25 μm ragged grain in fine-grained aggregate; 41, 42 -ca. 150 μm poikilitic, inhomogeneous grain in fine-grained aggregate; 43 -ca. 50 μm length grain in fine-grained aggregate; 44 -ca. 10 μm grain in finegrained aggregate; 45 -ca. 30 μm and 46 -ca. 50 μm spongy grain in fine-grained aggregate; 47 -ca. 20 μm oval grain in fine-grained aggregate; 48 -ca. 20 μm oval grain in fine-grained aggregate; 49 -perforated grain in fine-grained aggregate; 50 -thin rims on orthopyroxene III grain in fine-grained aggregate; 51, 52, 53, 54, 55, 56, 57, 58, 59 , 60 -vermicular rims on orthopyroxene I; 61, 62, 63, 64, 65 -interstitial clinopyroxene III 
